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Selective synthesis of branched- and normal-chain fatty acids occurred during
germination and outgrowth of Bacillus rhllringiensis spores. Iso-C ,3 , iso-CII' and
iso-C '6 were the first fatty acids to appear upon germination. their formation
occurring prior to protein synthesis. Afterwards. normal-Cll' normal-C I6 ,
anteiso-C ,3 · and anteiso-C ,5 acids were synthesized maximally. During septum
formation. anteiso-C '7 acid appeared. and there was a resurgence in iso-C l6 acid
synthesis. Throughout outgrov, tho iso-C'3 and iso-C,; were metabolized uniformly,
whereas the other acids exhibited peak synthesis.

Previously. \ve examined the kinetics of fatty
acid synthesis during germination and outgrowth
of Bacillus rhuringiensis spores by analyzing
[U-l·Cjacetate and [2- 3 H]glycerol incorporation
into chloroform-methanol-extractable and tri
chloroacetic acid-precipitable lipids (6). The tim
ing of fatty acid synthesis also was investigated
relative to protein. deoxyribonucleic acid
(DNA). and ribonucleic acid (RNA) synthesis.
RNA synthesis is initiated immediately upon
germination. followed by rapid and extensive
fatty acid synthesis \vhich precedes protein.
DNA. and triglyceride synthesis. The formation··
of fatty acids from acetate exhibits further de
velopmental periodicity in which a large trans
ient increase in fatty acid synthetic activity
coincides with the approach of cell division.

In view of these relationships. we proceeded
to investigate the timing of synthesis of the
individual branched- and normal-chain fatty
acids also. Differential fatty acid biosynthesis
was correlated with morphological changes as
well as with macromolecular synthesis.

MATERIALS AND METHODS

Organism and cultural conditions. B. thuringiensis
N RRL B-4027 was obtained from the Agricultural
Research Service Culture Collection. Peoria. III. Stock
cultures were maintained on agar slants of MD
medillni (I l. and spores for fatty acid and macro
nwleclliar analyses wae obtained by grow ing the
organism in a moditied GYS medium (II) containing
0.2'::; (NH,),SO,. 0.2% yeast extract (Difco). and
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0.05'::; K,HPO, (adjusted to pH 7.3). Afterautoc!aving,
the [0110\1 ing ingredients were added aseptically: glu
cose. O.l'ii: :VlgSO,. 0.02'ii: CaCI,'2H,O, 0.008%; and
MnSO,' H,O. 0.00570. The spores were harvested,
washed once in distilled water and once in 0.05 M
phosphate bufTer (pH 7.2). and suspended in 100 m1 of
the phosphate buffer. Spores were heat-activated prior
to germiD3.tion by homogenizing for 2 min in a Potter
Elvehjem hand homogenizer. heat shocking for 30 min
at 80 C. and homogenizing for an additional 2 min. The
spores II ere germinated in the modified GYS medium
to which L-alanine (100 ,ug/ml). adenosine (500 ,ug/ml),
and ethylenediaminetetraacetic acid (EDTA. 25 ,ug/ml)
had been added. The rate of germination. determined
by decrease in optical density at 600 nm. was enhanced
when EDTA was present.

Incorporation experiments. The techniques were
similar tl' those previously published (8). Heat
activated spores were transferred at starting time (to)
into flasks containing modified GYS medium, ger
minating agents. and the appropriate radioactive sub
str.lte. We employed L-[2.3-"H]phenylalanine for indi
cating prl)tein synthesis. [5.6-"H ]uridine for RNA.
[6-'H]thymidine for DNA. and [2-3 H]glycerol and
[U-"Clacetate for lipid synthesis. Whenever
[6- 3 H ]thymidine was used. the medium was sup
plemented II ith 250 ,ug of 2-deoxyadenosine. uracil.
cytosine. and guanosine (7) per mlto ensure incorpora
til'n of radi,'actile thlmidine into DNA rather than into
RN.-\. The tlasks we~e rotated in a water bath at 28 C.
and I-ml samples II ere taken at intervals of either 2 or
5 min. Samples II ere added to I ml of 10% trichlo
roacetic ae-id containing carrier substrate (l00 ,ug/ml)
and II ere filtered on 25-mm membrane tilters (0,45 ,um.
Millipore CI'rp.). The tilters wert: washed four times
II ilh 5 ml I,f 5<;; trichk)roacetic acid containing carrier
substrate \50 ,ug mil. placed in 10 ml of scintillation
tluiJ (10). and counted in a scintillation spectrometer.

Fatty arid analysis. Lipids were extracted frllm ger
min;lted and l\ut);rll\1 n spllres which had been har
vested by centril'tl);atil1n. washed three times in 0.85'),
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SaCI. and stored in Nt atmosphere at -20 C. The
I'flh",'dure for extracting lipids and f,'r prcparing
111elhyl esters of fatty acids \\ as dcsclibed pre\'i,'usly
(Il.

Methyl esters of the fatty acids were separated and
dl'letmined on polar columns \\ ith an FSM n1<'del ~ 10
dual'Cl,lumn ehwmall'graph equipped with h~ dwgen
flame detectors (I). and the amount "f radi"activity
In the methyl esters was analyzed \\ ith a gas
ehwmatograph-liquid scintillation spectrometer sys
tem (2. 9). Computer pn'grams (9) \\Cle utilized to
rn,cess the radi,'aetivity data. Relative specific activ
It\ "reach I'C-Iabeled ester was calculated bv dividing
the radioactivity percentage by the area percentag~
(.').

RESULTS

Macromolecular synthesis during germination
lind outgrowth. The importance of fatty acid
wnthesis to spore germination is best illustrated
if the fatty acid data are examined within the
rl~lmework of macromolecular synthesis in gen-

eral and then correlated ll' known nll'rplll"l'gical
stages determined by phase-<:ontrast mi<:n)s
copy. All sp,'res had c,'mpleted germinati,)n by
15 min (II,.)' They were subsequently ,'bserved
to swelL ell'ngate. undergo septum formati,)n at
I I Hl' and enter cell division at 11:\11'

Figure I illustrates the kinetics of 12-:lHl
glycerol. [2.3-:Tllphenylalanine. [6-"1-I1thy
midine. [U-t'Clacetate. and [5.6-"H ]uridine
incorporation into trichloroacetic acid
precipitable materiaL The data are in agree
ment with similar kinetic experiments ,!l)ne
with non-crystal-forming aerobic sporefo1111crs.
in that RNA is the first macromolecule syn
thesized after germination. Interestingly. acetate
was found to be rapidly incorporated starting at
I~". preceding detectable DNA. protein. and tri
glyceride synthesis. A substantial portion of this
early acetate incorporation represented fatty acid
synthesis. Throughout outgrowth. 40 to 50,* of
the acetate incorporated into trichloroacetic
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acid-precipitable material was chloroform
methanol extractable. Differential synthesis of
specific individual fatty acids was studied during
four successive 30-min pulses covering the dura
tion of germination and outgrowth.

Relative abundance of individual fatty acids in
spores and Y'cgctalive cells. Man~ bi?chemical
changes occur during spore germination. when
the membrane fatty acid composition reverts
from ratios characteristic of spore membrane to
those tvpical of vegetatively growing cells. In
Table I". the percent relative abundance of indi
vidual fattv acids in spores (to) and vegetative
cells (post~tI20) is compared. Iso-Cl~' i-CI;" and
a-C I; predominated in both. However. the levels
of the branched-chain CI~ and Cl,> homologues
differed. Both the i-CI~ and i-CI;, isomers were
far more prevalent than their corresponding
isomers (a-C I:1 and a-C I;,) in spores. whereas the
values v.ere approximately equal for vegetative
cells. Significant differences were also observed
between spores and vegetative cells in the rela
tive abundance of the i-Cli and a-C t; fatty acids.
For the even-numbered fatty acids. the iso
homologues ofC l2 . CllO and CIS were present in
greater -abundance than the normal isomers in
both morphological stages. Overall. the iso
homologues decreased during the transition
from spores to vegetative cells. \vhereas the
anteiso isomers increased: normal isomers re
mained constant.

Differential synthesis of fatty acids during ger
mination and outgrowth. B. thuringiensis is typi
cal of the gram-positive bacteria in that its
membranes - contain a high proportion of
branched-chain fatty acids. as opposed to the
normal- or straight-chain ones. Vegetative and
spore membrane-s differ in their fatty acid com-

TABl.E I. Percenlage offlltl.\' lleids in the totll//ipids
ofspores lind \'egetllti\'(' cells of811cil/I/s thl/ringiensis

Fait) 3ClJ Spore~ Ve~elati\C"cells

i-C'2 1.29 1.25
n-C 12 0.44 0.42
i-C 13 11.82 7.48
a,C'3 2.20 5.96
i·C" 9.81 5.94
n·C" 4.38 3.45
i·C" 27.36 18,92

a·C" 10.13 19.39
i-C I • 7.76 7,6f>
n·C,. 5.72 7.42
i·C" 6.14 7.12
a·('" II. 73 1-1.70

iSll·M,18 iso-48.37

~ n·IO,54 n·11.29
~ antc-24,Of> antc-40.0:'

TAfil.E 2. Rc!lItil'C spccific IIctivity" of hranched·
and norma/-chllin (III/\' IIcids dl/ring gcrminlltion lind

ol/tgrowth oj" B(,'cil/I/s thl/ringiellsis spores

Germination and llutgrowth
ho

I
t\ntci'\o Normal(pu!I,C time in minI

0-30 99.9 0 0
30-60 35.4 32.5 32.2
60-90 39.5 20.4 40.1
90-120 44.3 27.3 25.9

" Relative percent incorporation of [I·llqacetate.

position. particularly in the ratio of iso to anteiso
to normal isomers present (Table I).

The relative amounts of each class of fatty
acids synthesized were examined during four
successive 30-min pulses following germination
(Table 2). At no time did the proportions resem
ble the ratios of iso to anteiso to normal found
for either intact spores or vegetative cells. Rela
tively large amounts of normal-chain acids were
svnthesized after the first 30 min; only iso fatty
a~ids were formed during the first 30 min.

Iso fatty acids were synthesized to a greater
extent th,;n the homologous anteiso fatty acids,
and the normal-chain acids were synthesized to
a far greater extent than would be predicted from
their final relative abundance in either spores or
vegetative cells (Fig. 2). The ratio of iso to
anteiso fatty acids synthesized in the last three
pulses was approximately equivalent to that
observed in vegetative cells.

Figure 3A-D shows the biosynthetic pattern of
the even- and odd-chain iso. the odd-chain an
teiso. and the even-chain normal fatty acids.
These groupings were based on the biosynthetic
origins of the fatty acids in question (5).

tso-CI:l was the only odd-chain iso isomer
svnthesized during to -:lO (Fig. 3A). Conversely,
i:Cl;, and i-C I; were synthesized exclusively dur
ing the subsequent pulse periods. Iso-C 15 at
tained maximal synthesis at I:lO (;0 and then re
mained constant. Iso-C ,; steadily increased from
t: lO HO through t!lO 120' by which time septum for
mation was complete.

The only other fatty acids svnthesized prior to
t \\"'r,,'I'C 'Ind i-e (Fig .38) [1-HClacetate;10 ....... - 11 ( tti ....··

was preferentially incorporated into i-C 1!i over
i-C II throughout cellular differentiation, The
highest relative incorporation into i,C lIl occurred
during the to :11I pulse; a rapid reduction of. ace·
tate carbons incorporated into i-C lIl was eVld<:nt
during t: 111 (;11 with a marked recovery then:aft.er.
Peak incorpllratilln into i-C II occurred dUl1ng
t: lIl till' A similar pattern existed with i-C I2 . only
at a much lower level.

The patterns of a-C,:; and a-C'5 were similar
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DISCVSSION

FIG. 2. Differelltial synlhesis of normal- and
branched-chain fally acids during oUlgrowlh ofBacil
lus Ihuringiensis spores. Heal-aclimled spu 'es (42
mg) were germinaled al a concenlrmion of I .68 mg!ml
in our slandard GYS germinalion medium sup
plemented wilh 16 p.g of sodium acelale/ml. Four
pulse-label experiments were inilialed by Ihe addilion
of [I-"Clace((Jle (/.2 p.Ci/ml) al 10 • 1'0' 16<, and I,,,.
Each flask lI'as han'esled 30 min after isolope addi
lion. The solid bars represenl branched-chain fally
acid synlhesis. and Ihe open bars. normal-chain jillly
acid syllthesis.

relative specific activity of each individual fatty
acid varies substantially with time as the cell
progresses through outgrowth. This differenli;i1
synthesis implies that regulatory mechanisms
control membrane fatty acid composition and
that such changes in composition could deter.
mine developmental changes in membrane func
tion. This latter possibility is rendered more
likely by the high concentrations (up to 80'/;)
of branched-chain fatty acids found in II.
Ihuringiensis membranes (4).

Fatty acid synthesis during spore germination
and outgrowth occurs in two distinct patterns.
\vith a sharp division line existing at '30 (Fig. 3).
This dichotomy may indicate that early fattv
acid synthesis occurs in the absence of detect;;.
ble de novo protein synthesis and thus is charac.
teristic of the spore itself. This spore-specific:
fatty acid-synthesizing machinery would he
present in the dormant spore and may reflect syn.
thesis in the latter stages of spore formation. In
this regard, the preponderant synthesis of i,CII
during'0-30 could be indicative of a selective
function in either spore formation or spore ger
mination.

The synthesis of normal-chain fatty acilh
commences subsequent to '30; however. the rela·
tive specific activities of the aggregate normal·
chain fatty acids (Table 2) far exceed their
relative abundance in either the spore or vegeta·
tive stage (Table I). These results indicate a
disproportionate requirement for normal-chain
fatty acids during outgrowth. The relativc:
specific activities of the n-CI~ and n-C 16 fally
acids decrease during '90-120' when the cells c:;trl
be considered closer to having resumed vegda'
tive growth (Fig. 3D). Also, the ratio of a,C LI til
a-C" (Fig. 3C) changes as the cells approadl
septum formation. The two fatty acids \\ en'
synthesized in approximately equal amuunt
early in outgrowth (1'1060)' but thereafter a'('ll
synthesis quickly dropped to zero while a·('"
synthesis increased dramatically. This changt' trl

fatty acid chain length may be related to sepluill
fomlation and cell division.
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(Fig. 3() in that maximal synthesis occurred at
1:;0-60' after which a-e,," synthesis dropped to
zero. Although a-C 15 was formed preferentially
to the other odd-chain anteiso isomers. acetate
incorporation into a-C 17 became equal to that
into a-C 15 during the 190-1~(1 pulse period.

Kinetic patterns of the even-chain normal
fally acids were similar (Fig. 3D). The differen
tial rate of synthesis throughout the develop
mental period was n-C 16 > n-C II > n-CI~' Nor
mal CI6 was synthesized to the greatest extent at
160 90 and then decreased prior to cell division.

The differentiating cell has a marked capacity
1\.1 svnthl:size new fall\' acids. and this new
synthesis is differential. 'Thl:re is a marked pre!'
en:.'nce for whid) fatty acids are synthesized
from aCl:tate at a given time. and. in addition. the
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